Introduction
Contemporary trends of population migration to urban centers and the "metropolization" of urban cities (especially those that are local and regional centers) have been continuously increasing, which has been confirmed by a global increase in population migration. With such an increase in the number of inhabitants in these urban agglomerations, problems related to the public transport of passengers (as an integrated part of the functionality and sustainability of a city) have arisen, which must be solved through the prism of several factors, such as efficiency, versatility, punctuality, modularity, and comfort.
The fact that, in general, the road transport sector is one of the largest net contributors to the generation of NO x pollutants (about 13% of total pollutant emissions) and 27% of total greenhouse gas (GHG) emissions in the atmosphere at the European level presently cannot be ignored [1] . For this reason, the European Union has adopted (and will adopt) numerous laws and regulations related to the substantial reduction of pollutant emissions caused by transport using internal combustion engines as an energy source.
At the present time, most urban public transportation systems use buses equipped with internal combustion engines, which use fossil fuels as an energy source. Even in the short term, the use of renewable sources (biofuels) has been accepted worldwide as an immediate solution to completely or partially replace fossil fuels (as they can contribute to reducing global GHG emissions); however, there are many limitations to their use, regarding the protection of the environment.
Pollutant emissions and greenhouse gas emissions caused by functioning of internal combustion engines, such as CO 2 , NO x , and PM (particulates), have been shown to lead to serious problems, with negative impacts on the environment and human health [2] [3] [4] [5] . Li-Ion technology is not a new technology just emerging into the market; research into the energy performance of Li-Ion batteries has been carried out since the 1970s, with their primary application being in the field of mobile electronic equipment. However, their application in the electrification of vehicles has been delayed, due to their high manufacturing costs and the safety restrictions, which had to be overcome by manufacturers [15, 16] . Due to the high cost of these batteries, the purchase price of EVs is expected to remain higher than that of gasoline or diesel vehicles; this condition will be a key determinant of further massive penetration in the automotive market (despite EV's savings in fuel and maintenance costs) [17] [18] [19] [20] . Once these barriers (along with Electric buses have different constructive solutions for the powertrains, these differences relating to the power source for the electric engine. Generally speaking, most common construction solutions Energies 2020, 13, 336 3 of 12 for contemporary electric buses are: battery electric, hybrid series, and hybrid parallel; their basic structures (configurations) are shown in Figure 1 .
The hybrid technology (both series and parallel types) uses both an internal combustion (IC) engine and an electric motor to produce the required traction power. In the serial configuration of a hybrid propulsion unit, the IC engine is used only to generate the electricity (through a generator) required by the electric traction motor(s) or to be stored in the bus batteries. In the parallel configuration of a hybrid propulsion unit, both the internal combustion engine and the electric motor provide the traction force necessary to move the bus. The traction force can be supplied by both engines (IC engine and/or electric motor) through a torque converter, as well as by independent driving of the traction wheels. In general, the storage capacity of the batteries is much higher in the case of electric buses (being the only energy source available), compared to the buses with hybrid propulsion, where the electric motor operation is performed only in well-defined situations (i.e., starting, slope climbing, increasing the acceleration in the case of overtaking, and so on), the rest of the operations using the IC engine. The hybrid type construction of powertrain greatly helps to significantly reduce the pollutant emissions caused by transport equipped with only an IC engine (using petrol, diesel, gas, or renewable fuels); but does not totally eliminate emissions, as battery electric buses do.
The main barrier that must be overcome for the massive penetration of electric means of transport is that related to the autonomy or range (distance in km) that the vehicles have, compared to the autonomy of those vehicles powered by internal combustion engines. At the beginning of the development of electric vehicles (EVs), the autonomy was relatively low (40-60 km) and the electric vehicles were intended only for urban use and for small trips within the urban surroundings; however, at present, the autonomy achieved by certain electric vehicles has approached the threshold of traveling 400 km with only a single battery charge [13, 14] .
This has been made possible due to the exponential development of technologies related to increasing the storage capacity of electricity in batteries (as well as the energy source of the electric vehicle), Li-Ion technology being one of the most versatile and efficient technologies from this point of view.
Li-Ion technology is not a new technology just emerging into the market; research into the energy performance of Li-Ion batteries has been carried out since the 1970s, with their primary application being in the field of mobile electronic equipment. However, their application in the electrification of vehicles has been delayed, due to their high manufacturing costs and the safety restrictions, which had to be overcome by manufacturers [15, 16] . Due to the high cost of these batteries, the purchase price of EVs is expected to remain higher than that of gasoline or diesel vehicles; this condition will be a key determinant of further massive penetration in the automotive market (despite EV's savings in fuel and maintenance costs) [17] [18] [19] [20] . Once these barriers (along with many others [21] ) in the market have been overcome, an increasing number of electric vehicles will be available in the automotive market, both for personal use and as a means of transport for passengers in urban agglomerations.
Studies on the possibilities of implementing electric buses in urban transport systems have been carried out by numerous researchers. Most of them analyzed computer simulation methods for different operating scenarios and proposed various algorithms for calculating and estimating the energy efficiency of electric buses. Stempien and Chan [22] presented a comparative study of different bus powertrain designs by a comparison that included such factors as powertrain technologies (i.e., fuel cell, fuel cell electric, battery electric, hybrid electric, IC diesel, and compressed natural gas buses), capital and operating costs, fuel consumption, and fuel cycle emissions. In their study, they used the data presented by Erkkilae et al. [23] , which considered bus energetic consumption values (used also further to calculate the amount of indirect emissions) of 0.66-1.23 kWh/km for a lower load and 0.7-1.45 kWh/km for a higher load. By compiling the existent data in the literature, the authors affirmed, as a major conclusion, that the battery electric bus technology is one of the most competitive options for advanced public transport systems in constrained urban areas in the future. Lajunen A. [24] presented an analysis regarding the energy consumption and cost-benefits of hybrid and electric city Energies 2020, 13, 336 4 of 12 buses. The analysis was made by simulation (using the ADVISOR vehicle simulation program) to define the energy efficiency of buses. The author did not use real data from exploitation as data sources for models, stating that " . . . there are no available, comparable results of the energy consumption in the literature for the plug-in hybrid and electric city buses because their commercialization is in early stages". Moreover, an important remark (conclusion) of the author was that the exploitation condition (operation schedule and route planning) of a hybrid or electric bus is a condition that must be considered before introduction in an urban transport system for efficient energy use. A recent study of Vepsalainen et al. [25] studied the energy efficiency of an electric bus using a computationally efficient model for energy demand prediction. This study represented a novel approach to predict energy consumption variation with a wide range of uncertain factors (i.e., temperature, battery technical and functioning parameters, rolling resistance, and payload) and the simulation results gave values of 0.43-2.30 kWh/km (1.20 kWh/km average value with standard deviation of 0.32 kWh/km) net energy consumption. No data about real routes were applied as computational data in this study, however.
Data from the real exploitation of three types of electric buses in certain traffic conditions over a particular route in Macao (8.8 km long) was presented by Zhou et al. [26] . The net energetic consumption measured was 1.38-1.75 kWh/km for a 12 m e-bus type and 0.79 kWh/km for an 8 m e-bus type, resulting a reduction in CO 2 emissions, from a life-cycle perspective, of 19%-35% (compared with a diesel bus). Based on the same exploitation condition previously presented, Song et al. [27] continued the study, regarding the benefits of the introduction of electric buses into Macao's urban transportation system by calculating the reduction of GHG emissions. The results were situated between 56.47-133.76 kgCO 2 eq/100 km (average value of 127.99 kgCO 2 eq/100 km), taking into consideration the particularities of the energy mix for electricity production.
The aim of this paper is to quantify the direct and indirect CO 2 and NO x pollutant emissions due to real urban exploitation of an electric bus fleet under service, in the particular case of Cluj-Napoca city. Real technical data related to the energy efficiencies of the electric buses, which have been integrated into the urban transport system of Cluj-Napoca, are presented and analyzed (from direct and indirect pollutant emissions emission point of view), in order to show that there are major differences between data obtained by computer simulation and the real ones (taking into account the particular operating conditions).
Materials and Methods

Cluj-Napoca City's Urban Passenger Transportation System
The city of Cluj-Napoca is a large urban agglomeration located in Transylvania, in the northwestern area of Romania, with a stable population of approx. 400,000 inhabitants. Besides the stable population, the city is an important university (academic) center and, so there is also a permanent fluctuation of approx. 100,000 students that study and live in the city. Thus, the city of Cluj-Napoca can be seen as a large urban agglomeration with an architectural mix between the old central area (medieval) and the peripheral neighborhoods (contemporary), featuring all of the typical problems related to the optimal operation of a public passenger transport system. From the point of view of the main characteristics of the urban transport system, the total length of the routes served for the urban public transport of passengers in the city of Cluj-Napoca is 355.3 km, of which buses are used on 279.4 km (47 lines), trolleybuses are used on 51.95 km (seven lines), and trams are used on 23.95 km (four lines). In addition to these, there are also routes in the metropolitan area, which total 278.45 km.
The totality of the urban means of transport for passengers of Cluj-Napoca city consists of 297 buses (of which 41 are electric buses and 256 are diesel buses Euro 4-Euro 6), 81 trolleybuses, 27 trams, and nine diesel minibuses. The 41 electric buses represent 13.8% of the total buses and 9.90% of the total means of the urban transport fleet. Furthermore, 149 (36% of the total) vehicles out of the total means of transport use electric powertrains. From the point of view of the number of passengers transported, 78.6% are transported by buses, 14.6% by trolleybuses, and 6.8% by trams.
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The need to reduce local pollutant emissions has become a stringent contemporary demand and, from this point of view, the administration of the City of Cluj-Napoca has decided to purchase and put under service a fleet of 41 electric buses. The model that won the international tender was the Solaris 12E, a bus model that meets all the standards and requirements of a passenger transport in terms of energy efficiency, security, and comfort.
In the construction of the Solaris 12E electric buses ( Figure 2 , Table 1 ), which are used for urban passenger transport, two types of Li-Ion type battery are used. A total of 11 buses use LiFePO 4 -type batteries and the other 30 are equipped with NMC (LiNiMnCoO 2 )-type batteries (arranged in five separate packs). The predicted range is approx. 140 km for a single (full) battery charge, a charging process that can be performed in both slow and fast modes.
process that can be performed in both slow and fast modes. 
Research Methodology
As presented above, the aim of this paper was to quantify the direct and indirect CO2 and NOx emissions due to urban exploitation of an electric bus fleet, in the particular case of Cluj-Napoca city.
There were two directions we might take to estimate the environmental effects of exploitation of the electric bus fleet: calculation of the direct reduction of pollutant emissions as a result of replacing IC Euro-3 norm buses (diesel) with electric buses, and calculation of the indirect reduction of pollutant emission by considering the energy mix for production of electrical energy.
The intensity of CO2 and NOx emissions for a Euro 3 bus were derived as the average value from different specialized studies on urban bus emissions [28] [29] [30] [31] [32] ; from which, we arrived at the values of 1259 gCO2/km and 12.08 gNOx/km. Also, a scenario was considered in which the 41 Euro 3 buses would have been replaced with new Euro 6 buses. In this case, for the Euro 6 buses the emissions values were considered to be 1133 g/km for CO2 and 1.11 g/km for NOx (based on reference [33] ). It can be observed that the difference of the CO2 emissions is approx. 10% lower for Euro 6 buses , but the use of selective catalytic reduction (SCR) systems using aqueous urea solutions for Euro 6 bus's exhaust emissions control, results in a reduction of NOx emissions by more than 10 times. 
As presented above, the aim of this paper was to quantify the direct and indirect CO 2 and NO x emissions due to urban exploitation of an electric bus fleet, in the particular case of Cluj-Napoca city.
The intensity of CO 2 and NO x emissions for a Euro 3 bus were derived as the average value from different specialized studies on urban bus emissions [28] [29] [30] [31] [32] ; from which, we arrived at the values of 1259 gCO 2 /km and 12.08 gNO x /km. Also, a scenario was considered in which the 41 Euro 3 buses would have been replaced with new Euro 6 buses. In this case, for the Euro 6 buses the emissions values were considered to be 1133 g/km Energies 2020, 13, 336 6 of 12 for CO 2 and 1.11 g/km for NO x (based on reference [33] ). It can be observed that the difference of the CO 2 emissions is approx. 10% lower for Euro 6 buses, but the use of selective catalytic reduction (SCR) systems using aqueous urea solutions for Euro 6 bus's exhaust emissions control, results in a reduction of NO x emissions by more than 10 times.
The fleet of electric buses is permanently monitored by the management center for urban transportation of Cluj-Napoca city, which is achieved by direct internet connection between each electric bus and the management center. The technical parameters for the operation of the electric buses (e.g., energy consumed-related to battery-out current and voltage, energy recovered-related to brake regeneration, battery state of charge, temperature inside the bus, speed, operation of auxiliary systems, temperature of electric motor, operating errors, and so on) and specific data taking into account the routes on which the buses are under service (e.g., route served, GPS position, number of passengers ascended, number of passengers descended, and so on) are provided in real time. Thus, these data have been stored and can be accessed for the continuous monitoring of the electric bus fleet from the energetic and economic efficiency points of view. According to the main data of the electric bus fleet over one year, a total distance of 530,944 km had been traveled, an average load of 3089 passengers per month per bus (1,519,788 passengers per year for the 41-bus fleet), and with an average energy consumption of 0.96 kWh/km and 0.38 kWh/km energy recovered/generated (i.e., net energy consumption was 0.58 kWh/km). The energy recovered/generated by electric buses was obtained due to the regenerative braking process (converting the kinetic energy of the bus into electric energy, which is stored in its batteries). This process improves the overall efficiency of a bus by increasing its operational range (autonomy).
It should be mentioned that there were no dedicated (preferred) exploitation routes for each electric bus, since they served passenger transport routes depending only on the management and transport needs at that time. For the fluidization of traffic in the city of Cluj-Napoca, there are traffic lanes dedicated to buses and trolleybuses, in which their average speed is approx. 15 km/h (compared to the average city traffic speed of 13.7 km/h) with a peak speed of 50 km/h, which means that the energy recovered by the electric buses by the regenerative braking process had high values. Aspects related to the exploitation and operational data of the electric bus fleet under service are presented in The fleet of electric buses is permanently monitored by the management center for urban transportation of Cluj-Napoca city, which is achieved by direct internet connection between each electric bus and the management center. The technical parameters for the operation of the electric buses (e.g., energy consumed-related to battery-out current and voltage, energy recovered-related to brake regeneration, battery state of charge, temperature inside the bus, speed, operation of auxiliary systems, temperature of electric motor, operating errors, and so on) and specific data taking into account the routes on which the buses are under service (e.g., route served, GPS position, number of passengers ascended, number of passengers descended, and so on) are provided in real time. Thus, these data have been stored and can be accessed for the continuous monitoring of the electric bus fleet from the energetic and economic efficiency points of view. According to the main data of the electric bus fleet over one year, a total distance of 530,944 km had been traveled, an average load of 3089 passengers per month per bus (1, 519, 788 passengers per year for the 41-bus fleet), and with an average energy consumption of 0.96 kWh/km and 0.38 kWh/km energy recovered/generated (i.e., net energy consumption was 0.58 kWh/km). The energy recovered/generated by electric buses was obtained due to the regenerative braking process (converting the kinetic energy of the bus into electric energy, which is stored in its batteries). This process improves the overall efficiency of a bus by increasing its operational range (autonomy).
It should be mentioned that there were no dedicated (preferred) exploitation routes for each electric bus, since they served passenger transport routes depending only on the management and transport needs at that time. For the fluidization of traffic in the city of Cluj-Napoca, there are traffic lanes dedicated to buses and trolleybuses, in which their average speed is approx. 15 km/h (compared to the average city traffic speed of 13.7 km/h) with a peak speed of 50 km/h, which means that the energy recovered by the electric buses by the regenerative braking process had high values. Aspects related to the exploitation and operational data of the electric bus fleet under service are presented in 
Results and Discussions
Direct Emissions Reduction
The direct emissions reduction due to replacing 41 diesel buses (Euro-3 pollution norm) with electric buses, considering the emissions intensity of the considered pollutants and the exploitation data presented previously, was found to be 668.45 tons of CO 2 and 6.41 tons of NO x per year. Furthermore, taking into account the number of passengers transported by the electric bus fleet, it can be said that each passenger contributed to reducing the local pollution caused by urban traffic by 439.83 gCO 2 and 4.22 gNO x per year.
In the case of the scenario of replacing Euro 3 buses with new Euro 6 buses, the direct reduction of CO 2 emissions would be only 66.9 tons and in the case of NOx emissions of 5.83 tons, per year. Under these conditions, taking into account the intensity of the use of buses as a means of urban transport from the point of view of the transported passengers, the reduction of local pollution would be 44 gCO 2 /passenger/ year and 3.8 gNO x /passenger/year. It can be observed that when using Euro 6 buses instead of Euro 3 buses, the difference between CO 2 emissions does not show great differences, but the reduction of NO x emissions is large, sensitive equal to the reduced amount by using electric buses.
Indirect Emissions Reduction
To estimate the indirect pollutant emissions reduction by exploitation of the electric bus fleet, it is necessary to analyze the energetic mix of energy production used in charging the batteries of the fleet.
The method used to calculate the amount of emission of each considered pollutant is presented in Equation (1) (in the case of CO 2 , but applicable also for the NO x pollutant emission calculation), considering the energy consumption of the buses (kWh/km) and the intensity of pollutant emission function of energy source mix:
where EVB CO2 (g/km) represents the amount of CO 2 emissions, TD km is traveled distance, CO 2 (emissivity) is the pollutant emissivity due to the energy source mix used for electric energy production, E balance is the effective energy consumption of an e-bus, and P losses = 1.15-1.22 are the losses caused by the electric distribution grid and the EVs internal electrical circuits. Since there are no official final data for Romania regarding the emission intensity for the electricity production in 2019 year (on the basis of the used fuel), data were taken from the references [12, 34] and Figure 8 
Effect of Battery Technologies
A separate discussion is related to the battery technologies used in the bus powertrain designs. As mentioned before, there were two types of batteries used: LiFePO4-type and NMC-type.
Li-Ion technology has been used in the construction of many types of batteries, the difference being the material used in the construction of the cathode (generally, graphite is used as the anode material). Thus, different acronyms have been used to identify this, such as: LFP, lithium iron phosphate; LCO, lithium cobalt oxide; LMO, lithium manganese oxide; NMC, lithium nickel manganese cobalt oxide; and NCA, lithium nickel cobalt aluminum oxide [15] . This particularity in the construction of the cathode causes differences in battery properties, in terms of specific energy, specific power, energy density, performance, voltage level, safety behavior, life span, and cost.
The major differences between the LiFePO4 and NMC batteries used for the electric powertrain of the Solaris 12E can be identified according to the following main operating characteristics:
•
Cycle life: LiFePO4-10,000 (80% retained capacity), NMC-10,000 (60% retained capacity); Figure 8 shows the Romanian energy mix over a period of 9 years (both historical and that forecast for 2020 and 2021) [35] . It can be noted that, within this energy mix, the "green energy" in 2019 represented a share of 34.2% of the total (renewable + nuclear), from which the average value of the intensity of CO 2 production of 434.38 g/kWh and the average value of the intensity of NO x emissions production of 2.17 g/kWh for 2019 were derived ( Table 2) . Table 2 . CO 2 and NOx emissions intensities, depending on the energy mix for the year 2019 [11, 34] . 
Electricity
Effect of Battery Technologies
A separate discussion is related to the battery technologies used in the bus powertrain designs. As mentioned before, there were two types of batteries used: LiFePO 4 -type and NMC-type.
Li-Ion technology has been used in the construction of many types of batteries, the difference being the material used in the construction of the cathode (generally, graphite is used as the anode material). Thus, different acronyms have been used to identify this, such as: LFP, lithium iron phosphate; LCO, lithium cobalt oxide; LMO, lithium manganese oxide; NMC, lithium nickel manganese cobalt oxide; and NCA, lithium nickel cobalt aluminum oxide [15] . This particularity in the construction of the cathode causes differences in battery properties, in terms of specific energy, specific power, energy density, performance, voltage level, safety behavior, life span, and cost. Based on these main characteristics (among others), it has been considered that NMC-type batteries can cover a large variety of different applications (from small and home electronics to industrial energy storage facilities) and show great potential for the future automotive industry, mainly due to their higher energy density, as compared to LiFePO 4 technology.
Nevertheless, it can be seen, from Figure 7 , that the differences regarding the net energy consumption are relatively negligible and do not significantly influence the values of pollutant emissions by e-bus exploitation; however, they can be helpful in managing the fleet, by allocating routes in which the possibility of energy recovery (by the regenerative braking process) is greater. The energetic balance between energy consumption and energy generated (recovered) is 0.55 kWh/km for LiFePO 4 -type batteries and 0.58 kWh/km for NMC-type batteries (5.45%), which indicates that the influence of battery type on bus exploitation parameters does not have a major influence on the overall energetic efficiency of an electric bus.
Conclusions
Even though, at present, the costs associated with the introduction of electric buses into urban passenger transport systems are comparatively high, compared to buses equipped with modern internal combustion engines, their immediate utility is given by the local reduction of polluting emissions; appealing to the zero emission vehicle (ZEV) concept. In the particular case of the city of Cluj-Napoca, defined as a city with a medieval structure and infrastructure (old and historic buildings, narrow streets, multiple markets place, and so on), the introduction and operation of a fleet of 41 electric buses managed to eliminate a local amount of 668.45 tons of CO 2 and 6.41 tons of NO x -pollutant emissions directly associated with harmful effects on human health-annually.
The emission balance was positive in both the cases of CO 2 and NO x pollutants. The exploitation of 41 electric buses (in the particular traffic conditions of Cluj-Napoca city) had managed to reduce global pollution emissions by 509.95 tons of CO 2 and 5.618 tons of NO x each year.
These values could be improved further, in order to increase the values of the indirect pollutant and GHG emissions eliminated through local energy management, whereby the energy mix used by the city contained a higher percentage of green energy (such as wind, solar, and/or energy from renewable sources).
The operation of a fleet of urban electric buses was shown to be feasible, taking into account the small average speeds of traffic in urban agglomeration areas and the fact that, when stopped in traffic, an electric bus consumed a minimal amount of energy (only that needed for supplying its auxiliary systems).
The obtained values of the net energy consumption (lower than those found in the specialized literature) were directly influenced by the type and power of the electric propulsion group of the bus (162 kW power of the Solaris 12 E electric motor, comparative to 180 kW for BYD 9K and 240 kW for e-CITARO), the traffic conditions (the existence of dedicated/exclusive lines for buses and which by their nature increase the efficiency of the braking energy regeneration process) and the traffic conditions and the behavior of driver.
Furthermore, local policies to reduce polluting emissions need to be developed and supported further (taxes, preferential parking places, dedicated commuting lanes, education, and so on) in the personal and passenger transportation fields, in order to increase the share of electric and hybrid vehicles in the urban transport system.
